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Abstract Previously it has been shown that the Xoral
scent of snapdragon Xowers consists of a relatively sim-
ple mixture of volatile organic compounds (VOCs).
These compounds are thought to be involved in the
attraction of pollinators; however, little is known about
their eVect on other organisms, such as neighboring
plants. Here, we report that VOCs from snapdragon

Xowers inhibit Arabidopsis root growth. Out of the three
major snapdragon Xoral volatiles, myrcene, (E)-�-ocim-
ene, and methyl benzoate (MB), MB was found to be
primarily responsible for the inhibition of root growth.
Ten micromoles MB reduced root length by 72.6%. We
employed a microarray approach to identify the MB tar-
get genes in Arabidopsis that were responsible for the
root growth inhibition phenotype in response to MB.
These analyses showed that MB treatment aVected
1.33% of global gene expression, including cytokinin,
auxin and other plant-hormone-related genes, and genes
related to seed germination processes in Arabidopsis.
Accordingly, the root growth of cytokinin (cre1) and
auxin (axr1) response mutants was less aVected than
that of the wild type by the volatile compound: roots of
the treated mutants were reduced by 45.1 and 56.2%,
respectively, relative to untreated control mutants.

Keywords Snapdragon · Floral volatiles · 
Allelopathy · Root growth · Methyl benzoate

Introduction

Plant chemicals known as volatile organic compounds
(VOCs) mediate intra-organismal communication,
including interactions between plants and insects, and
plants and microbes. In some species, leaf VOCs attract
enemies of leaf-feeding insects, thereby acting as an
indirect plant defense response against insect herbivory
(Pare and Tumlinson 1999; Dicke and Van Loon 2000;
Horiuchi et al. 2001). It has been recently reported
that the VOC (E)-�-caryophyllene, released from the
roots of maize in response to feeding by larvae of the
beetle Diabrotica virgifera virgifera, attracts an

Electronic supplementary material The online version of this 
article (doi:10.1007/s00425-006-0464-0) contains supplementary 
material, which is available to authorized users.

J.-i. Horiuchi · D. V. Badri · J. M. Vivanco
Department of Horticulture and Landscape Architecture, 
Colorado State University, Fort Collins, CO 80523, USA

J.-i. Horiuchi · D. V. Badri · M. W. Paschke · 
J. M. Vivanco (&)
Center for Rhizosphere Biology, Colorado State University, 
217 Shepardson Building, Fort Collins, CO 80523, USA
e-mail: j.vivanco@colostate.edu

B. A. Kimball
United States Department of Agriculture, 
USDA WS National Wildlife Research Center, 
Fort Collins, CO 80521, USA

F. Negre · N. Dudareva
Department of Horticulture and Landscape Architecture, 
Purdue University, West Lafayette, IN 47907, USA

M. W. Paschke
Department of Forest Rangeland and Watershed 
Stewardship, Colorado State University, 
Fort Collins, CO 80523, USA

Present Address:
F. Negre
Department of Plant Sciences, 
University of California, Davis, CA 95616, USA
123

10.1007/s00425-006-0464-0
10.1007/s00425-006-0464-0


2 Planta (2007) 226:1–10
entomopathogenic nematode Heterorhabditis megidis
(Rasmann et al. 2005). Plant VOCs can also have anti-
microbial activity that inhibits the spread of plant
pathogens (Cardoza et al. 2003; Huang et al. 2003; Hol-
opainen 2004). Volatiles emitted by some plants are
also involved in plant–plant communication. Volatiles
such as methyl jasmonate, terpenoids, green leaf vola-
tiles, and methyl salicylate are emitted from damaged
or attacked leaves and serve as a signal to induce
defenses in neighboring plants, thus facilitating positive
plant–plant communication (Arimura et al. 2000a;
Dicke and Bruin 2001; Engelberth et al. 2004; Shulaev
et al. 1997). Furthermore, isoprene emitted from the
foliage of many woody species (Sharkey and Yeh 2001)
is thought to increase photosynthesis rates, allowing
neighboring plants to tolerate high temperatures by sta-
bilizing thylakoid membranes (Sharkey et al. 2001).

Floral volatiles are well-characterized attractants of
pollinators (Henderson 1986; Raguso and Pichersky
1995; Jones et al. 1998; Reinhard et al. 2004), but much
less is known about the inter-organismal interactions
mediated by these volatiles. Some Xoral volatiles have
recently been reported to have anti-microbial or anti-
herbivore activity, serving to protect the reproductive
organs and their valuable germ line cells against poten-
tial foes (Chen et al. 2003; Friedman et al. 2002; Ham-
mer et al. 2003). However, nothing is known about
whether Xoral volatiles have a negative eVect on neigh-
boring plants, or what the mechanism of such an eVect
might be at the physiological and molecular levels.

To determine whether Xoral scents or individual
Xoral volatiles have allelopathic activity, we chose
snapdragon, Antirrhinum majus L., as a model system,
since its Xoral scent was already well characterized
(Dudareva et al. 2000, 2003; Kolosova et al. 2001;
Negre et al. 2003). Here we report that snapdragon
Xoral volatiles aVect the root growth of Arabidopsis
thaliana, and we show that methyl benzoate (MB) is
the primary volatile compound responsible for this
allelopathic eVect; we further discuss the volatile’s
eVect on plants at the molecular transcription level
using microarray analysis. Our results indicate that
neighboring plants can sense and in this case negatively
respond to the eVect of Xower volatiles.

Materials and methods

Materials and volatile exposure studies

Garden snapdragon seeds (Antirrhinum majus) were
purchased from Ball Seed (West Chicago, IL, USA).
Snapdragon plants were grown from seed in mixed soil

[50% peat moss (Canadian Sphagnum) and 50% per-
lite (Persolite)] in a climate-controlled greenhouse
(24°C). MB (99%) and myrcene (>95%) were pur-
chased from Sigma/Aldrich (St. Louis, MO, USA), and
(E)-�-ocimene (90%) was purchased from International
Flavors Fragrances (New York, NY, USA). Arabidop-
sis thaliana (Col-0) and mutant seeds (auxin response
mutant: CS3075, ethylene: CS237 and CS8058, gibber-
ellin: CS63, jasmonic acid: CS8072, brassinosteroid:
CS291, cytokinin: SALK048970) were purchased from
the Lehle Seeds Co. (Round Rock, TX, USA) and
TAIR (Stanford, CA, USA). Before planting, seeds
were soaked in water for 3 days at 4°C, sterilized in
sodium hypochlorite solution (Sigma), and washed
three times with sterile distilled water. Ten seeds of
Arabidopsis or snapdragon were germinated on solid
Murashige-Skoog (MS) medium (Murashige and
Skoog 1962) with 1.5% agar in each of two sections of a
four-section divided plastic dish (VWR, see Supple-
mental Fig. 1). Two 3- to 5-day-old snapdragon Xowers
or four mature leaves were collected, and were placed
in the other two sections. To apply pure compound
treatments, volatile organic compounds were diluted in
methanol and 5 �l of each compound was added to a
cotton ball in the other two sections instead of the Xow-
ers or leaves. As a control, methanol without pure
compounds was added to a cotton ball in the other two
sections. The dishes were then sealed with paraWlm and
transferred to a climate-controlled chamber (20°C, 16/8 h
light/dark cycle). After 6 days, roots were straightened
to their full length, and root and hypocotyl lengths
were measured with a ruler. These experiments were
repeated three times.

Root and hypocotyl growth in soil

Arabidopsis seeds (Col-0) were soaked in water for
3 days at 4°C. Then ten seeds were dropped on peat
pellets (JiVy products, Canada). Five peat pellets were
kept in a lidded glass container, in combination with
four to six snapdragon Xowers without leaves in a Xask
(250 ml) of distilled water (see supplemental Fig. 2).
Flowers were changed after 1 week. After 2 weeks of
exposure to volatiles, Arabidopsis seedlings were gen-
tly removed with water from the peat pellet and root
and hypocotyl lengths were measured. These experi-
ments were repeated three times.

VOC analysis

Collection of volatiles from detached Xowers and
leaves was performed in a growth chamber under con-
ditions of 21°C, 50% relative humidity, 150 �mol/m2/s
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light intensity, and a 12-h photoperiod. Four 3- to 5-
day-old Xowers or eight mature leaves were cut from
snapdragon plants and transferred to small glass beak-
ers Wlled with 10 mL of 5% sucrose in water. Emitted
volatiles were collected by a closed-loop stripping
method for 24 h (Dudareva et al. 2000; Kolosova et al.
2001). Volatiles were eluted from Porapak Q traps (80/
100 mesh size; Alltech Associates) with 200 �L of hex-
ane, toluene (2.88 �g) and naphthalene (3.33 �g) added
as internal standards. GC analysis was performed with
a FinniganMAT GCQ instrument (Thermoquest, San
Jose, CA, USA) (injector temperature 230°C, injector
volume 1 �L, and split ratio 50:1) using a DB-1 nonpo-
lar capillary column (30 m £ 0.25 mm [i.d.]; Wlm thick-
ness 0.25 �m). Ionization energy was set at 70 eV.
Column temperature was held at 50°C for one min and
then heated to 240°C at 10°C min¡1. The mass spec-
trometer was scanned from 41 to 400 amu. Ambient
volatiles collected at the same times as the samples
were used as controls. Components were Wrst identiWed
from a computer database containing several thousand
mass spectra and were conWrmed by comparing reten-
tion times and mass spectra with those of authentic
standards (Dudareva et al. 2000; Kolosova et al. 2001).

Arabidopsis oligo microarray analysis

Arabidopsis wild-type seeds were soaked in water for
2 days, surface-sterilized with sodium hypochlorite and
plated on MS agar plates. After 36 h of incubation,
plated seeds were treated with 10 �mol MB. Seeds
were collected after 8 h of exposure to MB for total
RNA isolation using a Qiagen RNeasy plant mini kit
(Qiagen Inc. CA, USA). Seeds treated with methanol
served as the control. The concentration of RNA was
quantiWed using a Nanodrop system (Nanodrop, Wil-
mington, DE, USA) and the integrity estimated by
28S/18S ratio using an Agilent 2100 Bioanalyzer (Agi-
lent, Palo Alto, CA, USA). The microarray analysis
was performed at the Yale University microarray lab
(Keck Biotechnology Resource Laboratory, CT,
USA). For each replicate, 2.5 �g of total RNA was
used to prepare cDNA using Superscript Reverse
Transcriptase (Invitrogen, Carlsbad, CA, USA) and
this cDNA was used for the preparation of Cy5-
labelled and Cy3-labelled probes using Genisphere
Array 900 Kit and Advalitix ArrayBooster DNA
Microarray Incubator. Microarray analysis was per-
formed using the Arabidopsis Genome Oligo Set
Version 1.0, which contains 26,090 70mers represent-
ing 26,090 genes and predicted ORFs obtained from
the UniGene Database Build At 4, developed at
the National Center of Biotechnology Information

(http://www.ncbi.nlm.nih.gov/UniGene). The set also
includes 12 unique positive and 12 unique negative
controls provided in 16 replicates in a 384-well plate.
To assess the reproducibility of microarray analysis,
each experiment was repeated two times. Genes show-
ing a signal value <600 in both Cy3 and Cy5 channels of
the control treatment were not considered for the anal-
ysis. Feature extraction and image analysis softwares
were used to locate and delineate every spot in the
array and to integrate each spot’s intensity, Wltering
and normalization using the Lowess method. A two-
sample t test using P value cut-oV 0.05 was applied to
identify genes statistically diVerentially expressed.
Gene clustering analysis was performed using Clustal
and Treeview software.

Results

Phytotoxicity bioassays under lab conditions

Approximately 88% of the Arabidopsis seeds exposed
to the volatiles of snapdragon Xowers and leaves germi-
nated after six days. Arabidopsis germination was not
aVected by snapdragon volatiles; percent germination
among seeds exposed to snapdragon leaf and Xower vol-
atiles was comparable to seeds not exposed to volatiles
(Fig. 1a). Six days after germination, Arabidopsis seed-
lings not exposed to the VOCs had an average root
length of 14.8 mm and an average hypocotyl length of
2.2 mm. However, seedlings treated with snapdragon
Xower VOCs had signiWcantly shorter roots (4.8 mm,
Bonferroni/Dunn’s test: P < 0.0167, Fig. 1b, c) and
hypocotyls (1.9 mm, Bonferroni/Dunn’s test: P < 0.0167,
Fig. 1b, c). Arabidopsis seedling growth was not aVected
by exposure to snapdragon leaf VOCs (mean root
length = 13.5 mm, mean hypocotyl length = 2.3 mm,
Fig. 1 b, c). The ability of snapdragon Xower volatiles to
cause inhibition of root growth was also observed in
soil. Arabidopsis seeds in peat pots were exposed to
Xower volatiles for 2 weeks by incubating these plants
along with snapdragon Xowers in an airtight chamber
(Supplementary Fig. 2). Under these conditions, root
growth was reduced to 68% of the untreated controls
(Bonferroni/Dunn’s test: P < 0.0001), while hypocotyl
growth was not aVected (104% compared to untreated
control, Fig. 1d). The diVerence between growth inhibi-
tion in soil and agar may be due to the growth pattern of
plants in these substrates, as both roots and hypocotyls
grew diVerently under soil conditions (mean root
length = 6.3 mm, mean hypocotyl length = 7.3 mm)
compared to agar conditions (mean root length =
14.8 mm, mean hypocotyl length = 2.2 mm).
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EVect of snapdragon VOC components on Arabidopsis 
seed germination and root growth

We analyzed the chemical constituents of snapdragon
Xoral volatiles using gas chromatography—mass spec-
troscopy (GC-MS) analysis. The major components
of the Xower volatiles were myrcene (about 10%),
(E)-�-ocimene (>30%), and MB (>35%) (Fig. 2a),
consistent with a previous report by Dudareva et al.
(2003), while the collection of volatiles from leaves
revealed emission of only one compound, �-caryo-
phyllene (Fig. 2b). To determine which component of
the snapdragon Xower volatiles was involved in root
growth inhibition in Arabidopsis, we exposed in vitro-
grown Arabidopsis plants to diVerent concentrations
of the individual volatile compounds. Myrcene and
(E)-�-ocimene had no eVect on Arabidopsis root and
hypocotyl growth (Fig. 3a). However, exposure to
MB signiWcantly inhibited root and hypocotyl lengths
(Bonferroni/Dunn’s test: P < 0.0083) in a concentra-
tion-dependent manner (Fig. 3a). Root growth of 1
and 10 �mol MB treated seedlings were 73% and 21%
of root growth of the control seedlings, respectively
(Fig. 3a). With 10 �mol MB, hypocotyl length was
reduced to 31% of that of untreated controls
(Fig. 3a). Further, MB at 10 �mol was phytotoxic as

evidenced by reduced seed germination rates (23%)
6 days after treatment compared to the untreated
control’s germination rate of 92%, while myrcene and
(E)-�-ocimene had only minor negative eVects on the
germination rates (Fig. 3b). Higher levels of MB
treatment reduced germination, although snapdragon
Xower treatment did not reduce germination
(Fig. 1a). However, these results strongly suggest that
MB is phytotoxic. MB also had a negative eVect on
snapdragon germination and root growth in a concen-
tration-dependent manner; however, the eVect was
not as profound as with Arabidopsis. Ten micromoles
of MB reduced the germination rate (not signiWcant,
ANOVA test: P = 0.3223), root length (signiWcant,
ANOVA test: P < 0.0001) and hypocotyl length (sig-
niWcant, ANOVA test: P < 0.0001) only to 87, 61 and
56% of that of the controls after 6 days of treatment
(Fig. 3c, d).

Methyl benzoate alters global gene expression 
in Arabidopsis

To understand the eVects of MB at the gene expres-
sion level in Arabidopsis we performed global gene
expression analysis using a microarray representing
26,090 genes on Arabidopsis seeds treated with MB.

Fig. 1 Seeds of Arabidopsis 
(Col-0) were exposed to snap-
dragon leaves or Xowers. a 
Germination rates (n = 60), b 
growth of roots and hypoco-
tyls (n > 45), and c picture of 
seedlings after 6 days of treat-
ment. The white bar in (c) 
indicates 1 mm. d Root and 
hypocotyl growth after 
2 weeks of treatment in soil 
(n > 36). Photos and measure-
ments are representative of 
three separate experiments. 
Error bars in (a), (b) and (d) 
represent one standard error. 
DiVerent letters indicate sig-
niWcantly diVerent mean 
lengths (Bonferroni/Dunn’s 
test: b, 0.0167 level; d, 0.0001 
level) among bars of the same 
shading
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The microarray data analysis suggests that MB treat-
ment signiWcantly (P < 0.05) altered the expression of
375 genes (»1.33% of the total genome). 1.1% of the
genome of Arabidopsis was induced while 0.23% of
the genes were repressed by MB (Fig. 4a). Our micro-
array analysis showed that genes related to hormones
such as auxin (At3g44300, At2g33310, At3g60690,
At4g27450, At3g04730), cytokinin (At3g04280), gib-
berellic acid [GA] (At5g25900), abscisic acid [ABA]
(At3g02480, At2g40170), and ethylene (At1g43160,
At5g61600, At4g21340, At5g43450, At3g20770,
At5g61590) were signiWcantly up-regulated by MB
treatment (Fig. 4b and Supplemental Table 1). In
addition to these hormone-related genes, we found
other functional protein families up-regulated in
expression patterns by MB, including the WD-40 pro-
tein family, the Ubiquitin protein family, the Late
Embryogenesis Abundant (LEA) protein family, the
No Apical Meristem (NAM) protein family, ABC
transporters, cysteine proteases, Myb transcription
factors and other transcription factors.

Response of Arabidopsis hormone-deWcient mutants 
to methyl benzoate

Based on the previous micro-array data and to probe
the mechanism by which MB can induce a phytotoxic
eVect on plants, we applied 10 �mol MB to several Ara-
bidopsis hormone response mutants. Jasmonic acid
(jar1), gibberellin (gai1) and ethylene (etr1) response
mutants showed similar germination inhibition to wild-
type plants. After 6 days, mutant seed germination
rates in the presence of MB were 33.3, 42.1 and 31.6%,
for jar1, gai1, and etr1 respectively, of germination rates
of the mutant seeds without MB (Fig. 5a). Germination
of brassinosteroid (cbb1) and ethylene (eir1 and ein2)
response mutants after 6 days of MB treatment were
also aVected by MB exposure, but to a lesser extent:
germination rates of the treated plants were 68.5, 70.0
and 82.1%, respectively, of germination rates of the
mutant seeds without MB (Fig. 5a). However, germina-
tion of cytokinin (cre1), auxin (axr1), and another eth-
ylene (ein2) response mutants were hardly aVected by
MB treatment; germination rates of the mutants after
6 days of MB treatment were 94, 102 and 82%, respec-
tively, of the germination rates of the mutant seeds
without MB. There were no signiWcant diVerences
between the germination rates of any of the mutants
treated for 6 days with MB or without MB (Fig. 5a).

The root lengths of jasmonic acid (jar1), gibberellin
(gai1) and ethylene (etr1) response mutants exposed to
MB were 2.6, 2.0 and 4.8 mm, respectively, and these
root lengths were 17.2, 10.1 and 30.3% of the root lengths
of the mutants without MB. The root lengths of the bras-
sinosteroid (cbb1) and ethylene (eir1 and ein2) response
mutants exposed to MB were 2.2, 4.1 and 5.4 mm,
respectively: these root lengths were 32.4, 27.9 and 30.2%
of those of the control mutant without MB. The lowest
inhibition was found in the cytokinin (cre1) and auxin
(axr1) response mutants; the root lengths of the MB-
treated mutants were 11.3 and 8.1 mm, respectively: the
root lengths of the VOC-treated seeds were 54.9 and
43.8% of the root lengths of control mutants without
MB, although the cytokinin response mutant with MB
had signiWcantly diVerent root length compared to the
wild type (ANOVA test: P < 0.0001) and the auxin
response mutant did not (ANOVA test: P = 0.196).

Discussion

The present study investigates whether the volatiles
emitted from snapdragon Xowers could have a negative
eVect on neighboring plants, and as a Wrst step towards
validating this hypothesis we used the model plant

Fig. 2 GC-MS proWles of compounds in the headspace of snap-
dragon a Xowers and b leaves, and the relative level of emission
of each compound in the Xower headspace (inset): it, toluene
(internal standard); in, naphthalene (internal standard); 1 myr-
cene; 2 E-�-ocimene; 3 methyl benzoate; 4 linalool; 5 3,5-dimeth-
oxytoluene; 6 nerolidol; 7 caryophyllene
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Arabidopsis as a target. Our results show that exposure
of Arabidopsis to snapdragon Xoral volatiles inhibits
seedlings’ root growth. We found that out of the three
major volatile constituents of snapdragon Xoral scent,
MB alone is suYcient to cause root growth inhibition.
Although it is not known how closely our MB applica-
tion corresponds to the real conditions in the Weld, the
chosen concentration of MB for treatments was in the
range of the amount emitted from four Xowers over a
24-h period (1.3 �mol, Dudareva et al. 2000; Kolosova
et al. 2001).

Plant volatiles are believed to have allelopathic
(phytotoxic) eVects on other plants. Field studies have
indicated that the volatile 1,8-cineole released by Sal-
via leucophylla inhibits the growth of neighboring
plants (Muller et al. 1964), although other factors also
contribute to this eVect (Bartholomew 1970). In labo-
ratory experiments, 1,8-cineole has been identiWed as
one of the most potent allelochemicals released by
Artemisia spp. (Halligan 1975) and Eucalyptus spp.

(Kumar and Motto 1986). Volatiles released from
leaves of Artemisia tridentata Nutt. var. vaseyana
(Weaver and Klovich 1977) and Sasa cernua Makino
(Li et al. 1992) inhibited the growth of barley seedlings
and decreased the respiration rate of germinating
seeds. Furthermore, a number of studies have indi-
cated that plant VOCs, such as methyl jasmonate and
trans-2-hexenal, are capable of inhibiting plant growth
(Staswick et al. 1992; Bate and Rothstein 1998). Here,
we present evidence that the Xoral scent of garden
snapdragon inhibits root growth of Arabidopsis, while
having little eVect on snapdragon growth. Interest-
ingly, two other members of the Scrophulariaceae
family, yellow toadXax (Linaria vulgaris) and Dalma-
tian toadXax (Linaria genistifolia spp. dalmatica), are
known to be aggressive invasive weeds in North
America, and may present valid models for testing the
biological eVects reported in this study under realistic
Weld conditions, if they emit MB or other allelopathic
VOCs.

Fig. 3 a Root and hypocotyl 
lengths, and b germination 
rates of Arabidopsis (Col-0) in 
the presence of myrcene, 
ocimene, and methyl benzo-
ate. c Root and hypocotyl 
lengths, and d germination 
rates of snapdragon in the 
presence of methyl benzoate. 
Root and hypocotyl lengths 
were measured after 6 days of 
treatment with the volatiles. 
Zero-micromole means meth-
anol treatment without vola-
tile compounds. Each bar 
represents the mean of mea-
surements of over 38 plants. 
Error bars are one standard 
error. In panel (a), diVerent 
letters indicate signiWcantly 
diVerent means (Bonferroni/
Dunn’s test: 0.0083 level) 
among bars of the same shad-
ing
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Methyl benzoate, the volatile identiWed as primarily
responsible for the allelopathic eVects observed, is syn-
thesized by enzymatic methylation of benzoic acid in a
reaction catalyzed by S-adenosyl-L-methionine:benzoic
acid carboxyl methyltransferase (Dudareva et al. 2000;
MurWtt et al. 2000). This volatile ester is emitted
mainly from the upper and lower lobes of petals where
pollinators come into contact with the Xower (Dudar-
eva et al. 2000) and is thought to be one of the attrac-
tants of pollinators (Jones et al. 1998). Furthermore, it
is reported that MB inhibits mycelial growth and aXa-
toxin release by fungi (Chipley and Uraih 1980), and is
cytotoxic to bluegill sunWsh BF-2 cells (Shen et al.
1998). In our experiments MB inhibited both germina-

tion and root growth in Arabidopsis. To investigate the
molecular aspects of the Arabidopsis response to MB
treatment, we used a microarray approach to dissect
the possible functional mechanisms involved. To our
knowledge this is the Wrst report that examines the
eVects of a single volatile compound on plants using
microarray analysis, although the eVect of the volatile
mixture released from lima bean plants on other lima
bean plants has been examined using microarray analy-
sis (Arimura et al. 2000b). Our microarray data analy-
sis showed that certain gene families were up-regulated
following MB treatment, particularly the gene families
related to the biosynthesis, signaling, and response of
hormones such as auxin, gibberellin, cytokinin and

Fig. 4 Microarray analysis of 
Arabidopsis seeds treated 
with VOC MB. a Total num-
ber of genes either aVected 
(up-regulated: increased two-
fold more than control, down-
regulated: decreased twofold 
more than control) or un-
aVected by treatment with 
MB, which signiWcantly 
(P < 0.05) aVected the expres-
sion of 375 genes. b Func-
tional categories of genes that 
are either induced or re-
pressed in Arabidopsis upon 
MB treatment

Unchanged 98.61% (26,625 genes)

Up regulated 1.1 % (311 genes)

Down regulated 0.23% (64 genes)(a)
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ethylene. These are essential phytohormones that con-
trol various aspects of plant growth and development
including root growth (Grabov et al. 2004; Mallory
et al. 2005; Nishimura et al. 2004). Moreover, studies
have demonstrated the existence of synergistic, antago-
nistic, and additive interactions between these plant
hormones (Coenen and Lomax 1997). Our results
show that in wild-type Arabidopsis three auxin-
response-related genes (two IAA inducible and one
calcium inducible) and one cytokinin-response-related
gene (Hwang and Sheen 2001; Hwang et al. 2002) were
induced by MB treatment. These results are in agree-
ment with those obtained by our hormone response
mutant germination and root growth trials in the pres-
ence and absence of MB (Fig. 5).

Previous studies have shown that seed germination
is determined by the net eVect of multiple hormones at
critical levels and suggest the importance of interac-
tions between GA, ABA and ethylene (Karssen et al.
1989; Kepczynski and Kepczynska 1997). Leung and
Giraudat (1998) reported that ABA plays a critical role
in the maintenance of seed dormancy and inhibits

germination. Our microarray analysis showed that
auxin-, GA-, ABA-, and ethylene-related genes were
up-regulated by MB treatment (Fig. 4b and Supple-
mental Table 1, GA: 1 At5g25900, ABA: 2, Ethylene:
6). Apart from these up-regulated genes related to hor-
mones, we found that other functional protein families
related to seed germination, including WD-40 protein
family, the ubiquitin protein family, the LEA protein
family, and Myb transcription factors were up-regu-
lated upon MB treatment. These protein families are
known to be involved in various aspects of seed imbibi-
tion and germination processes (Gallardo et al. 2001).
Our results are in agreement with the report of Gal-
lardo et al. (2001). For example, LEA proteins are
accumulated late during embryogenesis and coincide
with the acquisition of desiccation tolerance of devel-
oping seeds during germination. They are presumably
involved in the binding or replacement of water and in
sequestering ions that accumulate during dehydration,
and they appear to be developmentally regulated,
being abundant in dry mature seeds and disappearing
during germination (Wehmeyer et al. 1996).

It has been shown previously that some plant VOCs
have an eVect on the growth and seed germination of
other plants (Muller and Muller 1964; Asplund 1968;
Duke and Abbas 1995). Bate and Rothstein (1998)
showed that aerial trans-2-hexenal quantitatively
reduced Arabidopsis seed germination and root
growth, similar to methyl jasmonate. Trans-2-hexenal
also reduced the germination frequency and root
growth of the methyl-jasmonate-resistant Arabidopsis
mutant, jar1 (Staswick et al. 2002). Thus, it was sug-
gested that trans-2-hexenal and methyl jasmonate are
recognized via diVerent mechanisms (Bate and Roth-
stein 1998). In our experiment, jar1 mutants treated
with MB did not show recovered germination rates or
root growth (Fig. 5), suggesting that the phyto-inhibi-
tory signaling initiated by MB response is not related
to the methyl jasmonate pathway. Auxin and cytokinin
response mutants had similar rates of germination after
6 days with and without MB, and MB reduced the root
growth of these hormone-response mutants to a much
lesser extent than the other mutants tested (Fig. 5).
The relatively minor eVects of MB on auxin and cytoki-
nin response mutant seedlings compared to the other
mutants suggests that root growth and germination
inhibition in response to MB treatment is regulated via
auxin and cytokinin signaling pathways. Although
auxin and cytokinin response mutants showed the least
response to MB treatment, germination of the brassio-
nosteroid (cbb1) response mutants and the ethylene
(ein2 and eir1) response mutants other than etr1 were
also less inhibited by MB treatment than the wild type,

Fig. 5 a Rates of germination compared to mutant without MB
(n > 40) and b root lengths (n > 12) of Arabidopsis hormone-re-
sponse mutants in the presence of 10 mmol methyl benzoate.
Root lengths were measured 6 days after treatment with the vol-
atile. Error bars indicate one standard error. In panel (a), the
asterisks indicate a signiWcant diVerence between mutant germi-
nation rates with MB and without MB (ANOVA test: P < 0.05).
In panel (b), the asterisks indicate a signiWcant diVerence between
mutant root length and wild-type root length with the same treat-
ment (ANOVA test: P < 0.05). Auxin: axr1, Cytokinin: cre1, Gib-
berellin: gai1, Brasinosteroid: cbb1, Jasmonic acid: jar1, Ethylene
(etr1): etr1, Ethylene (ein2): ein2, Ethylene (eir1): eir1 
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suggesting that brassionosteroid and ethylene signaling
pathways downstream of etr1 may also be involved in
MB-related germination inhibition (Fig. 5a). Interest-
ingly, the ein2 and eir1 mutants were reported to be
insensitive not only to ethylene but also cytokinin and
auxin (Cary et al. 1995; Luschnig et al. 1998), support-
ing our conclusion that plant responses to MB occur
via cytokinin and auxin signaling pathways. Ryu et al.
2003 reported that plant growth-promoting rhizobacte-
ria release 2,3-butanediol, and that this compound
triggers Arabidopsis growth promotion via cytokinin-
signaling pathways. It appears possible that plants are
able to sense and diVerentially respond to VOCs by
turning on diVerent signaling pathways.

Taken together, our results show that MB, a volatile
compound emitted from the snapdragon Xower, inhib-
its Arabidopsis root growth, indicating that Xoral vola-
tiles have allelopathic activity.
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